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Description 



5 This Invemlon is directed to the composrtion. method of preparation, and uses of new. novel crystalline microporous 
solids which are prepared in a solution reaction by admixing certain metal salts with an organic ligand containing mult- 
dentate functional groups or a mixture off organic ligands containing multideniate and monodentate functional groups in 
the presence off a templating agent The materials may also be prepared in a viscous matrix whereby large crystals of 
the microporous solid can be advantageously prepared. Optionally, the materials may be advantageously prep^ed to 

10 contain voids by removing template materials affter preparation. The resultant microporous materials are usefful tor ttie 
adsorption off molecules or ions off impurities ffrom liquids and gases. Through the carefful selection off metal ion, ligarKi, 
and tenplating agent, rigid and stable microporous materials can be prepared having desired pore size openings useful 
for particular tasks. 

IS BACiCGRQUWD QF THE INVENTION 

The utility of microporous solids such as the zeolite-type aluminosilicates, aluminophosphates, and their metal su^ 
stituted derivatives is well established in industrial processes involving ion-exchange, separation, and catalysis (U.S. 
Pat No. 4.310.440. U.S. Pat. No. 4.440.871. and U.S. Pat. No. 4.500.651). The widespread application off these so 
20 called zeditic materials is due to their ability to include molecules and ions in a selective and reversible fashion, a prop- 
erty conferred by the stability and rigidity of their porous frameworka 

Although most off these framewori« are based on the oxide of the metal, a recent invention showed that similar 
materials can be produced from the sulfide and selenide of the metal (U.S. Pat. No. 4.880.761). 

While the syntheses of oxide zeolites and their sulfide and selenide analogues are well known, the capability of 
25 rationally designing the shape, size, and function of the pores off zeolites or microporous materials is lacking. In partic- 
ular, the method for zeolite synthesis requires the mixing of an alkali metal hydroxide with aqueous solutions off silK»te 
and aluminate anions to form a hydrated aluminosilicate gel off complex composition. Zeditic solids are obtained by the 
subsequent heating off the gel (up to 200 »C) under water vapor pressure conditions in a closed vessel. The conplexity 
off the gel precludes any possibility of controlling tiie structural organization of the zeolitic solid. Thus, zeolite synthesis 
has remained as much an art as a science (See A. Dyer. -An Introduction to Zeolrte Molecular Sieves- John Wiley and 
Sons, New \brii (1988); R. M. Ban-er, "Hydrothermal Chemistry of Zeolites" Academic Press, New York (1982); J. M. 
Newsam. "The Zeolite Cage Structure". Science, 231 :1093(1986)). 

An extensive amount of work has been done on tiie syntfiesis off metal-organic solids, though none off the resulting 
materials possess microporous properties comparable to those obtained tiirough the use off this invention. ^ 

For example. Toshitake Iwamoto. "Inclusion Compounds of Multi-Dimensional Cyanometal Complex Hosts" Indu- 
sion Compounds, Vb/. 5 (Eds.: J. L Atwood. J. E. D. Davies. D. D. Macnicol). Oxford University Press (1991) p. 1 77^and 
references therein, provides a review on the Hofffmann-type compounds and their derivatives, where ID, 2D and 3D 
frameworks are produced by linking one metal atom M to another M* to form M-CN-M* type solids. Other reports are B.F. 
Hoskins and R. Robson. "Design and Construction of a New Class of Scaffolding-Uke Materials Comprising Infinite Pol- 
40 ymeric Framewort® of SD-Unked Molecular Rods. A Reappraisal off the Zri(CN)2 and Cd(CN)2 Structures and the Syn- 
thesis and Structure of the Diamond-Related Framewori® [N(CH3)4l[Cu'Zn"(CN)4l and Cu»[4.4'.4".4 - 
tetracyanotetraphenylmethane]-BF4 • xCsHgNOg." J. Am. Chem. Soc., 1 12:1546 (1990); B.F. Hoskins and R. Rob«)n. 
"Infinite Polymeric Framewori« Consisting off Three-Dimensionally Unked Rod-Uke Segments." J. Am. Chem. Soc. 
111:5962 (1989); S.R. Batten. B.F. Hoskins. and R. Robson. "3D Knitting Pattema Two Independent. Interpenetrating 
45 Rutile-Related Infinite Frameworks in the Structure of Zn[C(CN)3]2.'* ^- <^^em, Soc., Chem. Commun. 445 (1991); B.F. 
Abrahams. B.F. Hoskins; D.M. Michall. and R. Robson. "Assembly of Porphyrin Building Blocks into Network Structures 
witii Large Channels." Nature 369:727 (1994); G.B. Gardner. D. Venkataraman. J. S. Moore, and S. Lee, "Spontaneous 
Assembly off a Kinged Coordination Network." Nature 374:792 (1995); O M. Yaghi. G U. and T L. Groy. "Preparation 
off Single Crystals of Coordination Solids in Silica Gels: Synthesis and Stnicture of Cu"(1 .4-C4H4N2) (C404)(OH2)4. J- 
50 Solid State Chem,, 256 (1995). O. M. Yaghi and G. U, "Presence off Mutually Interpenetrating Sheets and Channels in 
the Extended Structure of Cu(4.4*-blpyridine)CI." Angew. Chem., Int. Ed. Engl., 207 (1995). 

All metal-organic solids prepared to date are eittier (a) one dimensional (1 D). two dimensional (2D), or three dimen- 
sional (3D) dense solids having no porosity or (b) solids tiiat are made by the formation off linkages between the metal. 
M. and a bifunctional, trifunctional. or tetrafunctional organic ligand, L. containing monodentate functional groups, 
55 around a tenplating agent. T One possible structure, having a diamond-lil« fframeworic, is shown as an example off the 
efffecloffthetemplating agent (Formula 1). ^ ^ . ^ 

Fbmtula 1 below represents a schematic illustration off ttie assembly off a metal-organic fframewori^ in the presence 
of a templating agent. T Here a fragment of a solid is shown with the small spheres representing a metal ion, M, capa- 
ble of binding to four ligands in a tetrahedral geometry, while the daric rod represents a bifunctional organic ligand, L. 
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capable of binding metal ions at its nds and encapsulating the templating agent within a pora 
ynrmula 1 



10 



IS 



20 



30 



35 




Metal<,rganic 8dids may assume other lrtme«ork types, depend 
"^rlria'l^tjX'SSntionedme^ 

R,^ ihe terolafina aaent interacts strongly with the metal-ofoanic framework, thus making it imp<^We to remowe ttie 
r^lSSia^SSSwwithoutaHeLgordestroyinglhefra^ 

l»^Irm^e or readsorb the tenplating agent to yield the original material, is lost. So. it is desirable » »»ep *ie 
^SrS^lSii^SrJS^^ to a ^nimum while maximizing the strength of intm-fiame«ork landing 
b^S^^eSSSSand?^^^ Ion. 8«»ndly. fbr many metal-o.ganlc solids the pores are not occupjed by 
f^tinT^aX^SlSSSpenetrated frameworks. 

S^nS?i^SeTweS^«S^ Extensive framewo* inlerpenetration can cause the porous ^ce ofa 
^SS^^T^mS:Zsl6ng in a dense solid that will not adsort> molecules or tons. »" Formula 2 belo^tt«, 

i!nSinLsaporou8 8truclure.H««««.interpene^ 

FftmiBla 2 



40 



SO 




Por a oiven solid as the number of intenjenelraling frameworks increases, the material becomes more densly 
resulted in nonporous solids due to interpenetiation (see O. Ermer Undenbe^^ 

(Snpounds of 2.6-Dlmethylideneadamantane-1,3.5.7-tetracaiboxylic Add" Hete Chart Acta 74.825 (1991). O. Bmer. 
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"Rve-FbU Diamond Structure of Adamantan -1.3.5.7-tetfacart>axylic Add" J. Am. Chem. Soc, 110:3747 (1988); S.R. 
Batten B F. HosWns. and R. Rdbson, "3D Knitting Patterns. Two Independent. Interpenetrating Rutile-Related Infinite 
Frameirarks in th Structure of Zn[C(CN)3l2." d Chem. Soc„ Chem. Commun. 445 (1991)). 

Therefore this inv^tion details the first successful rational synthetic approach to the fomialion of crystalHne nnelal- 
organic solids that show effectiv microporous activity, having (a) structural integrity preserved in the absence of a tern- 
plating agent and (b) no or minimal amounts of interpenetrating frameworks so ttiat channels and pores that can acco- 
modate transfer and binding of molecules or ions exist within the solid. Given the great impact of zeolitic matenals on 
the global economy, It wouM be a significant improvement in the art if a method existed for rationally designing crystal- 
line ntiaoporous materials. 

The mettxxl of this invention provides to the art such a process. By the use of the sul^ect invention, crystalline 
microporous n^terials can be prepared which have controlled pore distributions and sizes, and which are useful in a 

variety of industries. ^ »j e o« 

These materials fomi by ttie solution reaction of a metal ion selected from tiie group consisting of: Mg. ca, br, ea. 
Sc. Y Ti. Zr. Hf, V. Mb. Ta. Cr. Mo. W. Mn. Re. Fe. Ru, Os. Co. Rh. Ir, Ni. Pd, R. Cu. Ag. Au. Zn. Cd. Hg. Al. Qa. In. Tl. 
Si Qe, Sn, Pb, As. Sb, and Bi. with a ligand having muWdentate functional groups, and a templating agent 

It is befleved that the invention of the present application provides to the art a novel method for the preparation of 
microporous materials which are useful in industries such as catalysis, gas purification, ion-exchange, the remo^of 
impurities from industrial aqueous streams, the removal of impurities from hydrocarbon streams, the removal of ootor 
from paper m\\ waste waters, the removal of metals from aqueous solutions, the removal of metals from hydrocarbon 
solutions, the removal of hydrocartwn contaminants from aqueous systems, the removal of hydrocarbon contaminants 
from hydrocaitx)n systems, filtration, and seperation materials, and tiie like. 

It is accordingly an object of this invention to provide to ttie art a method for the preparation of novel microporous 
materials. It is a still further object of this invention to provide to the art a mettiod for the preparation of novel micropo- 
rous materials in a simple straightfanwand manner which method would altow confrol over the resultant final product 

It would be a furttier intjrovemert in ttie art if the synthesis of nwcroporous materials could be perlbnned under 
room temperature or mild reaction conditions (relative to ttiose used to syrthesize oxide microporous materials). It 
would be a still furttier improvement in the art if the miaoporous materials could be prepared from simple metal salte 
and organic ligands. It would be an even furttier improvement in the art if ttie aforementioned synthetic mettiod could 
result in ttie formation of aystalline microporous materials, having no pore or channel inhomogeneity. 

Furttier objects of ttfiis invention will appear hereinafter. 

Brief Descrip Hon of the Drawings 

Fig. 1 is a ttiemial gravametric analysis trace of CoC6H3(CXX)Hi/3)3(NC5H5)2 -2/3 NC5H5. Fig. 2 is a FTIR spec- 
trum of CoC6H3(COOHiy3)3{NC5H5)2 witti cyanobenzene absorbed into ttie frameworic Rg. 3 is Z 
CoC6H3(COOHiy3)3(NC5H5)2 with nitrobenzene absorbed into ttie frameworit ng.4 is an overlay of FTIR spectra of 
CoC6H3(COOHi;3)3(NC5H5)2 and CoC6H3(COOHiy3)3(NC5H5)2 witti CsDe absorbed into ttie framework. Rg. 1-4 wfll 
be more fully explained in tiie examples contained herein. 



■ma invention 

The basic process of ttie invention used for ttie preparation of ttie crystalline or microcrystalline microporous mate- 
rials of this invention comprises the step of admixing: 

A a solution containing one or more metal salts containing metal ions from ttie group consisting of: 

^-2+ 0^2+ sr2+ Ba2+ Sc^* Ti^ Zr^. Hf*+. V^. V^^. V^*^ Nb3+^ cr^. Mo^*. W^. Mn^^, Mn^*. 
Re^*' Re^*' Fe^* Fe^*' Ru^* Ru^*. Os^*. Os^-^. Co^*. Co^*. Rh^*. Rh+. Ii^*, Ir*. Ni^*. Ni*. Pd^*. Pd^, P^. 
Pt* Cu2* Cu^ Aq\ Aii*. Zn2*, Cd2*. Hg2\ Al^*. Ga^*. In^*. Tl^*. Si^. Si^*. Ge^. Ge^*. Sn^. Sn^\ Pb^, 
Pb^*, As^, As^. As*, Sb^. Sb^. Sb*. and Bi^. Bi^. Bi*: along witti the corresponding metal salt counteran- 
ion with, 

B. one or more ligands, said ligands having at least one of: 

i. an alkyt group sutsstructure. having from 1 to 10 cartx)n atoms; 
H. an aryl group substructure, having from 1 to 5 phenyl rings; 

fii. an alkyi or aryl amine substmclure, consisting of alkyi groups having from 1 to 10 carbon atoms or aryl 
groups having from 1 to 5 phenyl rings: said ligand having bound ttiereto at least one multidentate functional 
group "X". which is covalentiy bound to ttie substructure of the ligand. and wherein X is sdlected from ttie group 
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consisting of: 

COoH. CSgH. NO2. SO3H. SI(OH)a. Ge{OHh. SnCOHfe. Si{SH)4. Ge{SH)4. Sn(S>fl4. PO3K 
ASO4H. P(SH)3. As(SH)3; CH(RSH)2. C(RSH)3. CH(RNH2)2. CCRNHafe. CH(ROH)2 C(ROJfl^. 
CH(RCN)2. C(RCN)3. wherein R is an alM group having from 1 to 5 carbon atoms, or an aryl group con- 
sisting of 1 to 2 phenyl rings; and, 

CH{SH)2, C(SH)3. CH(NH2)2. C(NH2)3. CH(OH)2. CXOHfe. CH(CN)2. and C(CN)3: 
In the presence of; 

C. a templating agent, selected from the group consisting of: 

a. all<yl antines and their corresponding all^l ammonium sahs. containing linear, branched, or cyclic aliphatic 
groups, having from 1 to 20 caibon atoms (and their con-esponding ammonium salts); 

b. aryl amines and their corresponding aryl ammonium salts having from 1 to 5 phenyl nnc^ 

c. alkyl phosphonium salts, containing linear, branched, or cyclic aliphatic groups, having from 1 to 20 carbon 
atoin&; 

d. aryl phosphoraum salts, having from 1 to 5 phenyl rings: r— , i»-«^oH nr 

e. alM oSuiic adds and the corresponding alkyl organic anions (and salts) containing bnear. branched, or 
cyclic aliphatic groups, having from 1 to 20 cartjon atoms; . 

f. aryl oiganic adds and their corresponding aryl organic anions and salts, having from 1 to Spheryl ni^: 

g. aBphaBcJdcohols. containings linear, txanched. orcydic aliphatic groups, having from 1 to 20 caibon atoms. 

h. aryl alcohols having from 1 to 5 phenyl rings; 

i. inorganic anior« from the group consisting of: 

sulfate, nitiate. nitrite, sulfite, bisulfite, phosphate, hydrogen phosphate, diiydrogen »*o^|w«e.^^JJ^ 
phate. triphosphate, phosphite, chloride, chlorate, bromide, bromate. ioeflde. lodate. carbonate, bicaioo- 
nate. and the con-esponding adds and salts of the aforementioned inorganic anions. 

i. ammonia, caibon dioxide, methane, oxygen, argon, nitrogen, ethylerte. haane. benzene, ^luene. jqrterw^^^ 
reberSne. nitrobenzene, naphthalene, thiophene. pyridine, acetone. l.2-didiloroelhane. melhylened*)nde. tet- 
rahydrofuran. elhandamine, triettvtentine. and trif luoromethylsutlonic aad. 

The Invention described herein addresses the above by teadring a method for the synthesfe of 
rous materials by the appropriate combination of solutions of a metal saH(s). an organw ligand(8). and a templating 

aaent to owe stniclurany stable and rigid materials having a deared pore shape, size, and func^ 

^TiaiS^i^^SLiL hereunder can be obtained only by the appropriate dwice of metal ion. organic l.gand(s). 

T!I!2?^3the irtcroporous materials described in this invention utiUzes not only desirable pnverti* C^- 
metrT^gSSCLaSJ^foSu^^ligandsa^ 

f^SnS ^oips. whid, impart stability and rigidity to the resulling microporous metal-organ« sobds. v«hile .nhibiting 
the interpenetration of frameworks. 

The Llgands 

For the purposes off this Invention, a muWdentate functional group is defined as a nrwiety bound to an organic Hga^^ 
or amine lioand^Jbstruclure. U and in v»rhich the moiety has the potential to have at least two atoms. X. from the gen- 

le!£e!in£S^ii^ the A(RX)2 formula Is CHCCHgOH)^. where A = CH. R . CH^. and X - O. as shown «, 
Formulas 3a and 3b below: 



50 



55 



5 



EP0790253A2 



P <^ M O— CHj 

(a) ^^ ^CH— L (b) ^ 
«» CHj M O— CHa 



15 A multiderrtate functional group acxxwding to the above definition can also be represented by the fomiula A)^ A 
specific example of a multkJentate functional group having the AXj formula is the caiboxylate anion. COz . The caitac- 
ylate anion has the potential to bind to a metal ion in either a bidentate (a) or monodenlate (b) fashion, as shown m For- 
mula 4. H is not a requirement of this invention that multidentate funcUonal groups 



so 



Formala 4 



25 O HO 



30 



aiways bind in a multidentate fashion to afford stable microporous materials. Rather, this invention teaches that the use 
of ligands that contain multidentate functional groups affords rigid and stable metal-organic microporous matenate. 

For the purposes of this invention, an organic ligand or amine ligand substructure is defined as being 
cydoalkyl group, consisting of 1 to 20 carbon atoms, an aryl group, consisting of 1 to 5 phenyl rings, or an alkyi or aryl 
amine, consisting of alkyI or cydoalkyl groups having from 1 to 20 cartoon atoms or aryl groups consisting of 1 to 5 phe- 
nyl rings, and in which multidentate functional groups are covalently bound to the substructure of the ligand. Some 
examples of organic ligand or amine ligand substructures are given in Formula 5 below: 
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R— X 



>C C-(CH2)s-C 
X— R R— X X-R R-> 



-R—N— R- 
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allcyl or 
ai^ amine 
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Where X is a nuiHidentate functionafity selected from the group consisting of 

nfVH CSoH NOo SO,H SKOHk. Ge(OH)3. Sn(OH)3. Si(SH)4. Ge{SH)4. Sn{SH)4. PO3H. '^^^^^^ ASO4H. 
?S5;^^^^^^ ^«N^^3. CH{ROH),. C(ROH)3. CH(RCN)2. C(RCNh. 

CH(SH)2, C(SH)3. CH(NH2)2. CCNHsJa, CH(OH)2. C(OH)3. CH(CN)2. and C(CN)3. 

This invention further teaches that the cycloalkyi or aryl substructure may consisl ofl to 5 '^''^^^^^^ 
of allcLr^^^^ a mixture of cartx>n. with nitrogen, oxygen, sulfur, boron. Phospho^^ s«lu«n and alummum atoms 
making up the ring. Some examples of such substructures are given in Fomuila 6 below: 
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X 
I 

R 



"X 



"^"i"'' .-Y- --i^H— « 

^X X X 

pyiazine pyridine di-pyraane piperazine 



Preferred Hgarxte of the Invention are those that contain caitjoxylic acid functional grou^. A preferred ligand of the 
ir«Jrttonte 1 3 S*^netricartXKyBc add (BTC). also called trimesic acid (Formula 8a). Examples given later in this 
;ZSS;?eL?'S?SJSSK?den.a!eB^ 

ix)rou8 materials using the metal ions cobalKII) and 2inc(M). w^^^^^i^^ 

Zmer aspect of this invention teaches that crystalline metal-organic "'•^P"™" ^jS^ 
by the addition of a solution of a metal salt to a solution containing an appropriate "end^and^ s^e^* 
2n muHidentate functional groups, as defined previously, and othere of which contain monodentate f uncbonal groups. 

^^JS^rpTn^^'SS: i:SS:'a'2^1fen.ate functional group is defined as a moiety bound to an organic lig- 
and S-^sSstructure. U as defined previously, which can torm only one bond to a 
fhls definition, a ligand may contain one or more monodentate functional groups. R^rnple. ^^.^^oiS 
4 4 -bipyridine are ligands lhat contain monodentate funcBonal groups, as shown in Formula 7. since each functional 
group is capable of binding to only one metal ion. 



Formula 7 




" ^CH-CH 

CH CH CH CH 



(a) M NH— CH, ^CHj (b) M 1^ ^CH-CH M 



According to this definition, cydohexylamine is a monofunctional ligand containing a monodentate 9f«JP 
and 4.4 -bipyridine is a difunctional ligand containing two monodentate funrtonal^^ 

containing monodentate functional groups are pyridine, which is a monolunchonal ligand. hydioqumone. which is a 
difunctional ligand. and 1.3.S-tricyanoben2ene. which is a trifunchonal ligand. ^ r«.«* ««i«in muWden- 

Examples Of ligands having monodentate functional sroups that can be Weeded vwft Bgamte^ftrt 
tate funclional groups to mate microporous materials In the presence of a suitable n^ 

agent are: 

A. Amines that contain aikyi or cydoalkyl groups, containing from 1 Id 20 caibon atoms, or aryl groi^JS. containing 
from 1 to 5 phenyl rings. Exanples of monofuntional amines are mettiylamlne. ethylamine. n-prcpylamine. iso^pro- 
pylamine. n-butylamine. sec-butylamine. iso^xjtylamine. tert-butylamine. n-pentylamine, neO|pentytamine, n-hav- 
tamine. pynoWine, 3-pynoline. piperidine. cydohexylamine. morpholine. pyridine, pynole, aniline, quinoline. 
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isoauinoline l-azaphenanthretw. and S^raphenanthrene. ExaitpJes of difuncBonal and trifuncfional arrtnes are 
1.4-diaminocydohexane. 1.4<liaminobenzene. 4.4'-bipyridyl. imidazole, pyrazine. 1^.5-triaminocyclohexane. 
1'3.5-triazine, and 1.3.5-tiiaminobenzena 

B Alcohols that contain alM or cycloalkyi groups, containing from 1 to 20 carbon atoms, or aryl groups. «»n«anir« 
fiom 1 to Sphenyl rings. Examples of monofurtional alcohols are methanol, ethanol. n-propanol. souropanol. allyl 
alcohol n-butanol. is«>*utanol. sec^utanol. tert-butand. n-pentanol. iso^jentanol. sec-pentanol neo-pertanol. n- 
hexano^. cydohexanol. phenol, benzyl alcohol, and 2-phenylethanol. Examples of difunctional and tnjunff^ 
alcohote ^e i.4<Jihydioxycyclohexane. hydioqulnone. catechol, resorcinol. l.3.5-trihydroxybenzene. and 1.3.5-tn- 

cSS'tfS^l^ltoi alkyi or cycloalkyi groups, containing from 1 to 20 carbon atoms, or aryl groups, containing 
from 1 to 5 phenyl rings. Examples of ethers are diethyl ether, furan. and morpholine. 

D. Thiols that contain alkyI or cyctoalkyl groups, containing from 1 to 20 ca*on atoms, or aryl B-W ~nto™"fl 

from 1 toSphenylrings. Examples of monofurtional thiols are thiomethane. «™o«»«??»'J? 

ane thiophene. benzoWophene, and thiobenzena Examples of difunctional and tnfuncbonal thiols are 1 .4<lithio- 

cyd'ohexane. l'.4^1ilhiobenzene. 1.3,S4rithiocyctohei<ane. and 1 .3.5^ifthiobenzene. 

E NItriles that contain alkyI or cycloalkyi groups, oortaining from 1 to 20 carbon atoms, or aryl groups. oor^««^ 
^ 1 to 5 pSnyl ringT Exalrples of monofurtional nHrBes are acetonitrile. propanenitnle. bi«anerj^^ 
XoniSe. benzwutrile. and p4olunitrile. Examples of d»unclional and trifuncBonal nrtriles are 1.4Kfiratnlocy- 
dohexane. 1 ,4-dlnitritobenzene. 1.3.5-trinitrilocyclohemne.and 1.3.5*inHrilobenzena. 
F. inorgartc anions from the group consisting of: 

sulfate, rttiate. nitrite, sulfite, bisulfite, phosphate, hydrogen phosphate, ^'hydrogen phosphate^ dipho^h^ 
triphosphate, phosphite, chtoride. cMorate. bromide, bromate. iodide, iodate. caibonate. bicarbonate, thwcya- 
nide imd Isonilrilft and the corresponding adds and sails of the afarentenfioned inorganic anions. 

Fbmiula 8 gives a spedf ic example in whidi a metal ion. cobalt(ll). a templating agent pyridin«^ a Bfl«n^<»ntoining 

muJertate functional BTC. and a Hgand cort^ning a "^jf "J^ST'SS?? SC« ."^SSJSS 
to give a crystalline metalK)rganic microporous material. The reaction of BTa Li- J«th Co^ . *Jl " 
SSd Oo^C 21>sheel8. with pyridine. 1^. bound axially to the metal ion. Specrfic irteracttons between the pyndine 
ligands produce a strong interaction, residfing in a rigid 3D structure. 

formula 8 



(a) 



(b) -J 



S A(-) 




Co-BTC Sheet 
Pyridine Layer 

Co-BTC Sheet 



Tlie stadg-ng of the Co-BTC sheets m the crystal produce aHemating C<>-BTC and pyridine ayersteadii^to^^^^ 
where tenStetirS agerts. T. and oiher adsorbed spedes are accommodated. Theretore, in this example Pyndme is 
^^alTSS^^^X^b^ the Co-BTC sheets, in thisspecificen*^ 

Je rnonode^ Hgand and the templating agert. The consideratkin of other possible coordinatton modes of 
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BTC points to a large number of possible structural variations. In addition, one can take advantage of metal ion cooidi- 
nation geometries other than octahedral, such as tetrahedral, square planar, linear, trigonal and trigonal bipyramidal. 

It is understood that the ligands possessing muitidentate functional groups bring with them con-esponding counter 
cations such as H* Na* K* Mg^*. Ca^*. Si^*. ammonium ion. alkylsubstituted ammonium ions, and arylsubstituted 
5 ammonium ions, or 'counter anions, such as P. CT. Br, r, aO". aOa'. aOa", CIO4 , OH", NQg , NOa*. SO^\ SQ3 
P04^, and COa^-. 



The Metal Ions 



The crystalline microporous materials of this invention can be synthesized using metal ions having distinctly differ- 
ent coordination geometries, in combination with a ligand possessing muitidentate functional groups, and a su'itable 
templating agent Metal-organic microporous solids have been prepared using a metal ion that prefers octahedral coor- 
dination, cobaltao. and a metal ion that prefers tetrahedral coordination. zinc(IO. in the presence of the BTC ligand and 
a ligand containing a monodentate functional group. Therefore, it is reasonable to assume that steWe ^f^fj^^ 
microporous materials can be made using metal ions from the following list Mg^*. Ca^*. Sr^*. ^ • ' L 'ZloJ 
2j4^\^ v2* Nb^ Ta^. Cr^. M(^, W®*. Mn^. Mn^* Re^. Re^*. Fe^. Fe^*, Ru^. Ru^*. Os3^ O^. 

Ck>3* Co^* Rh2*. Rh*. Ii^*. ir^. Ni2*. Ni*. Pd2*. Pd*. Pt2*, Pt^, Cu2*. CXi*. Ag*. Au*. Zi^\ Cd^* Hg^^, Al^*. Ga^, In^. 
Tl3+, Si^. Si^*. Ge^. Ge2*. Sn^. Sn^\ Pb^. Pb^*. As^, As^. As*. Sb^. Sb^*. Sb*. and Bi^*. Bi^*. Bi*; along wHh 
the corresponding metal salt courrteranion. As used herein, the term metal ion refers to botfi metal and metalloid ions. 
Generally, the metal ions useful in this invention include: Sc^. Ti^. V^. V^. V^*. Cr^. Mo^*. Mn^. Mn^-. Fe^. F^*. 
Ru3* Ru2* Os^* Os2* Co^. Co2+. Rh2+, Rh*. Ir2*. Ir*. Ni2*. Ni*. Pd^*. Pd*. Pt^*. Pt*. Cu^*. Cu*. Ag\ Au*. Zn^*. 
Cd^*' AI^ Ga^. In^. Ge^, Ge^*. Sn^. Sn^*, Pb^. Pb^*, Sb^. Sb^. Sb*. and Bi^, Bi^, Bi*; along with t^^e co^ne- 
sponkng r^etal saft counleranfon. A preferred group of metal ions for use in this invention jndud^: S(^. Tl^. V . 
Cr^ Mo3*. Mn3*. Mn^*. Fe?*. Fe^*. Co^* Co^*, Ni2*. Nl* Cu?* Cu*. Ag*, Zn^*. Cd^* Al^. Sn^**. Sn^*, and Bi^. Bi^. 
Bi*- along wrth the corresponding metal salt counterartion. More preferably the metal ions useful in this invention are 
selected from the group consisting of: Mn^. Mn^*. Fe^. Fe^*. Co^. Co^-. Nl^-. Ni*. Cu^*. Cu*. Ag* Zn^*. Cd^^.atong 
with the con-esponding metal salt counteranion. Most preferably the metal ions useful in this invention are selected from 
the group consisting of: Fe^. Fe^*. Co^. Co^*. Ni^*. Ni*. Cu^*. Cu^.Zn^-. along with tfie corresponding metal salt 
counteranion. An especially preferred group of metals for use in this invention is: Co^. Co^*. Ni^*. Ni*. 2n-^*. along with 
30 the con^sponding metal salt counteranion. 



IS 
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The Templatlna Aoent 

The templating agents employed in this invention are added to the reaction mature for the purpose of occupying 
35 the pores in the resulting crystalline metal-organic microporous materials Examples of possible templating species are: 

a. alkyi amines and their con-esponding alkyi amnrKMiium salts, containing linear, branched, or cycMc aliphatic 
groups, having from 1 to 20 cartoon atoms; 

40 b. aryl amines and their corresponding aryl ammonium salts having from 1 to 5 phenyl rings; 

c. alkyI phosphonium salts, containing linear, branched, or cyclic aliphatic groups, having from 1 to 20 carbon 

atoms; 

45 d. aryl phosphonium salts, having from 1 to 5 phenyl rings, 

e. alkyI organic adds and their corresponding salts, containing Unear. branched, or cyclic aliphatic groups, having 
from 1 to 20 cartx>n atoms; 

so f. aryl organic acicte and their corresponding salts, having from 1 to 5 phenyl rings; 

g. aliphatic alcohols, containings linear, branched, or cyclic aliphatic groups, having from 1 to 20 carbon atoms; 

h. aryl alcohols having from 1 to 5 phenyl rings; 

55 

i. inorganic anions from the group consisting of suKate. nifrate. nitrite, sulfite, bisulfile, phosphate, hydrogen phos- 
phate, dihydrogen phosphate, diphosphate, friphosphate. phosphite, chloride, chlorate, bronrwde, bromate. iodide, 
lodate, cartXMiate, bicarix>nate. and the con'esi3onding adds and salts of said inorganic anions; 
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i airononia caibon dioxide, methane, oxygen, argon, nitrogen, ett^lene. hexane. benzene, toluene, xylene. cMo- 
robenzene." nitrobenzene, naphthalene, thiophene, pyridine, acetone. 1.2-<fichloroettwne. melhyleneehloride. tet- 
rahydroiufan. ethandanrane. trielhylamine,and trif hioronwihylsulfonic acid. 

TiiaPMeasa 

The synthesis of the rigid and stable mlcroporous materials of this invention can be carried out under extrem^ 
mild reaction conditions. In most cases, the reagents are combined into a solution, either aqueous or rwnaqueous. wrih 
synthetic reaction temperatures ranging from 0»C to 100-C fm an open beaKar). hi other cases, soiiAon leadionswe 
,Sd out in a closed vessel at temperatures irorn ZS-C to 300-C. In either case, large sfe^ 

iJSSSSwSeSonhe rSerials of this invention, the reactants are generally added in a mole ratio of 1 =10 toj[0-l 
metal ion to ijand containing muWdentate functional groups. Preferably, the metallon to ligand containing mutedentate 
functional groups is 1:3 to 3:1. and most prefarabiy firom 1:2 to 2:1. The amount of torplating ^ent s r^ cnt«l and 
ISt,tenptatS agent can in somedrcumstanoesbeemployedasthesolventin which the reaction teK^ place. Tem- 
pted SSrt caS accordingly be employed in gr«rt excess v«thout interfering ^^J^^-^^J^^"^ 
Sie prepLtion of the microporous materials. When using a ligand containing monradentate fanctwnal QWjn oom- 
bi™S3?Sth the metal ion and the ligand containing muWdentate functional groups^ the ligand 
functional groups can be utilized in great excess. In certain circumstances the ligand containing monodentate functional 
am cm be\tf lized as the solvent in which the reaction tal«s place. In addition, in certam arcumslances ttie tan- 
iu&na agent and the ligand containing monodentate functional groups may be identical. An example of a templatng 
aoent which is a ligand contsuning monodentate functional groups is pyridine. 

ThVp^epLaton of the microjorous materials of this inversion is carried out inj^er an aQueous or nonaqueous 
system ThTsolvent may be poter or nonpolar as the case may be. and as stated eariler, the solvent may be the 
SSS. teSpSJTag^ or tSToptional ligand containing a monodentate functional group. E»mples of "or^quaous 
SSrS TnTude n-Xnes. such as pentane. hexane. benzene, toluene, xylene, chlorobenzene. nitrobenzene. 
S?iSi^S.raniline. nS^haiene. naphthas, n-alcohols such as ^j;r*^i-:^2S;;'nS' 
tone 1.2.-dtahloroethane. methylene chloride, chlorofonn. carbon tetrachlonde. tetrahydnshiran. ^"Tiethylfcrmamrfe 
S^JtMsuilb^ thiophene. wridine. ethanolamine. triethytamine. ethylenediamine. and the lite. Those staled in ttie 

not believed to beeritical in obtaining the microporous materials of this invention. _^„.^.,oi 
To aid in the fomiation of large single crystals of microporous materials, surtable for single crystalx-r^ sttud^l 
Characterization, the solution reaction is perlomied in the presence of visc«« matenals. gernerjly Pj>X 
£^ic additives include polyethylene oxide, polymethylmethacrylic add. silica gels, agar. fate, and coUogens, whi* 
TS^S^^^Mh^J^^ne crystaBine products. The growth of large single crystals of microporous m^enate 
^ JIJSSI^ dLactert«tion of the microporous frameworic Large single crystals of microporous matenals 
may be usefulfbr magnetic and electronic sensing applications. 

Examoies 

The following examples of this invention are meant as an illustration of the microporous irjaterials that are obttuned 
usingmesnThic^JSgy defined by this invention, and are not m^ 

EXAMPLE 1 

This exaimledescribes the synthesis of astaWe microporous material from an ethanol/1.2Klichloroeth^ solution 
matTat^S^SSi^rebythe^lecomblnatlonofacobanOOsaHwim 

mSe^tLte farSJS groui. and uridine, which possesses a monodentate functional oroupjn the P^ence a 
teSSS agWS^idiSe. Sws of Co(N03h.6H20 (0.582 g, 2 mmol) and BTC {O^^jJ TS^^.^-^'^SZ 
IsT Siil^en added to a 5 mL solution of polyethylene oxide (PB^(0.250 g MW -JP^}^^;^^ 
r^e. The mixture was stirred until a clear solution was obtained. This 20 mL ^''^'^^^J^J^^^'T^ 
hmeTvessel containing 1 mL of pyridine and the second vessel was closed. Gaseous pyridine was difhised inlo the 
SS,;S?JMb^thrLdays, r«Stt^ 

SSSilSSJ5«d succSvely whS 1 ,2-dichloroethane. ethanol. and acetone, resultina in a yield of 0.85fl ^ % 
S d) Si^deSr rt^cSSn* this material that were freshly isolated from their mother liquor was measuredby the 
j:SlS;m1S!o''gi^ueof1.48.0.01flcm-3.B^ 

found C 54 99 H. 3.82: N. 7.44; Co. 12.43%: Calculated for CoCeHsCOOOHi/ahCNCsHsfe • 20 NC5M5. c. ae.ii . n. 
3.66: N. '7.82: Ca 12.33%. These crystals are insoluble in water and cmuron <Kvmi9€»M. 

The crystainne homogeneity of the microcrystalline product was oonf irnied by companson of the observed fftble 
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1) and calculated (Table 2) x-ray powder diffraction patterns. The calctilated x-ray powder dWradion pattern vras pro- 
duced using the single crystal data given below. 

An x-ray crystal analysis study was performed on a single crystal obtained from this reaction. The x-ray diffraction 
pattern data is given in Table 3 which revealed the presence of a porous solid represerted by the ^o^' 
ScsH3(COOHi«)3(NC5H5)2.2«NC5Hs. Single crystals of this material are at 20±1-C hfxagona^. space g^ 
pLSot - Dih (to 193^ >^ a - 16.711(4) A. c = 14.189(2) A. V o 3423(1) A^. andZ = 6 {tor x= 1. <«c-iod -1-464 g 
cnvs. iL,(MoK5) » 0.80 mm'^). A total of 1 161 independent reflections having t» (MoKo) < 50.7- (the «l««^rtof 0.8 
limHiraCu KS spheres) were collected on a computer-contiolled Nicolet autodifhactometer using full (0 90»-wide) « 
scanTand gra,*SeHnonochiomatic MoK5 radiation. The stmcture was solved using "Direct Methods" technjques with 
the Siemens SHEUCTL-PC software package as modified at Crystalytics Company. The resulting paramrters have 
b en refined to convei^e [ft, (unwei^ed. based on F) = 0.068 for 552 independent reflections having 26 (MoKS) < 
SO.T" and I > 3a(l)]. 



Table 1 



so 



SB 



30 



35 



Peak 


2-Theta 


d-Space 


Intensity 


1 


12.360 


7.1554 


62.03 


2 


16.260 


5.4469 


10.33 


3 


18.420 


4.8128 


100.00 


4 


21.320 


4.1642 


16.75 


5 


22.180 


4.0047 


11.22 


6 


25.000 


3.5590 


73.79 


7 


27.340 


3.2594 


8.47 


8 


28.300 


3.1510 


11.52 


9 


29.000 


3.0765 


15.24 


10 


32.220 


2.7760 


10.69 


11 


33.660 


2.6605 


8.31 


12 


38.940 


2.3110 


7.40 


13 


41.100 


2.1944 


7.43 


14 


43.400 


2.0833 


8.66 



Iahk2 



h 


k 


1 


2-theta 


d-spacing 


F 


multiplicity 


Lp-&ctor 


intensity 


-1 


2 


1 


12.29 


7.2028 


219.09 


12 


173.5965 


100.00 


0 


0 


2 


12.46 


7.1055 


253.49 


2 


168.9132 


21.71 


-1 


3 


0 


16.20 


5.4700 


49.53 


12 


99.6912 


2.94 


-1 


.3 


1 


17.37 


5.1049 


39.78 


24 


86.6968 


3.29 


0 


2 


2 


17.49 


5.0699 


82.02 


12 


85.4990 


6.90 


0 


3 


0 


18.39 


4.8240 


374.83 


6 


773128 


65.18 
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-1 


3 


2 


20.49 


4.3344 


47.02 


24 






-2 


4 


0 


21.27 


4.1778 


100.05 


6 






-1 


2 


3 


21.56 


4.1208 


167.14 


12 


30.1400 




-1 


4 


0 


22.15 


4.0139 


67.59 


12 






0 


3 


2 


22.27 


3.9911 


98.57 


12 


52.5996 


£.11 

O.I3 


-2 


4 


2 


24.72' 


3.6014 


78.25 


12 


42.6381 


3.13 


0 


0 


4 


25.06 


3.5528 


738.76 


2 


41.4o70 




-1 


4 


2 


25.49 


3.4948 


43.16 


24 


40.0919 


1 TO 

1.79 


-2 


5 


0 


26.85 


3.3201 


48.72 


12 


30.0848 




-1 


2 


4 


37.28 


3.2695 


143.98 


12 


34.9607 


5.7U 


-1 


5 


0 


28.26 


3.1581 


105.85 


12 


32.5500 


4.38 


-1 


5 


1 


28.96 


3.0829 


107.47 


24 


30.9696 


8.58 


-1 


3 


4 


29.99 


2.9795 


39.13 


24 


28.8585 


l.Oo 


-1 


5 


2 


30.99 


2.8859 


40.46 


24 


27.0101 


1.06 


0 


3 


4 


31.27 


2.8607 


80.76 


12 


26.5223 


2.08 


-3 


6 


0 


32.14 


2.7852 


179.34 


6 


25.0865 


4.84 


-3 


6 


1 


32.77 


2.7332 


74.43 


12 


24.1200 


1.60 


-1 


2 


5 


33J0 


2.6908 


147.62 


12 


23.3457 


6.11 


0 


5 


2 


33.43 


2.6806 


70.25 


12 


23.1607 


1.37 


-1 


5 


3 


34.12 


2.6277 


74.85 


24 


22.2147 


2.99 


-3 


6 


2 


34.59 


2.5931 


83.74 


12 


21.6064 


1.82 


-1 


6 


2 


36.82 


2.44U 


54.56 


24 


19.0280 


1.36 


0 


0 


6 


37.99 


2.3685 


467.56 


2 


17.8516 


7.81 


-2 


7 


0 


38.86 


2.3174 


140.73 




17 0444 


4,05 


-2 


7 


1 


39.39 


2.2872 


89.58 


24 


16.5754 


3.19 


-1 


2 


6 


39.55 


2.2787 


129.15 


12 


16.4450 


3.29 


-2 


7 


2 


40.96 


2.2032 


114.47 


24 


15.3034 


4.81 


0 


3 


6 


42.52 


2.1261 


128.33 


12 


14.1772 


2.80 


-1 


5 


5 


42.80 


2.1126 


77.40 


24 


13.9848 


2.01 


-4 


8 


0 


43.31 


2.0889 


175.7 


6 


13.6483 


2.53 



Intensity = F*F*Lp*mult (scaled sd that largest is 100) 

Only results having intensities greater or equal to 1 .00 are listed 
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Table 3 



Atomic Coonf inates for Nonhydrogen Atoms in Crystalline 
CoCeH3(COOHi/3)3(NC^y2 • 2/3NCsH5 Obtained from Single Crystal x-ray analysis 


AtomType^ 


Fractional Coordinates 


Eqiuvalent Isotropic Ther- 
mal Parameter, B.A^X 10** 




lU X 


lu y 


10*z 




Co 




w 


2500® 


29(1) 


Oi 


<A^f f\ f) 


7^ftf7l 
roo\f) 


2500^ 


54(4) 


Ci 






2S(X)® 


22(6) 


C2 


u 






26(6) 










34(6) 








9500^ 


57(4) 


03 






25(X)^ 


57(5) 


C4 


6023(10) 


2394(10) 


2500® 


27(5) 


C5 


5736(9) 


3034(10) 


2500® 


24(5) 


Ce 


5307(8) 


1370(10) 


2500® 


29(5) 


Nis 


3240(10) 




981(9) 


80(10) 


Cu" 


3557(32) 


-236(37) 


456(26) 


101(38) 


Cz, 


3639(64) 


-136(126) 


-654(44) 


156(29) 




3388(38) 


397(32) 


885(30) 


94(21) 




3058(30) 


809(40) 


-444(37) 


149(31) 


Cs. 


3051(31) 


752(30) 


646(20) 


101(22) 


Templating Agents" 
Molecule 1 




1 455(7) 


910(14) 


0® 


125(32) 


Molecule 2 


C7. 


6211(7) 


3789(7) 


0® 


171(388) 


Cb. 


7122(7) 


2878(7) 


0® 


217(388) 



a The lumriaers in parentheses are the estimated standard deviations in the last signfficant digft. 
b. For aU atoms except Csr, Csb. Ct^ and Css whkii were included in the structural model with isobnopic thermal 
parameters, this is one-third of the trace of the orthogonalized tensor. For atoms C2b. Ces. Oj^ and Cgs, this 
Is the actual vahie of the refined isotropic thermal parameter. 

a This is a symmetry-required value and Is therefaie Hsted without an est^ted standard deviation. 

d. The pyridine molecules coordinated to the cobalt atoms were treated as being statisicany-disorderBd-disor- 
dered with two preferred orientations about the Co-Nis bond the 16.71 1 A x 1&71 1 A x l4ie9A hexagonal unit 
cefl. One orientation is designated by atoms N^^. Cis. Cgs. Css. and Cgs (represented with soBd bonds in 
Figure 1) and the second orientation by atoms N^e* Ctec* ^hsc* C4SC and Csbb (represented wHh open 
bonds in Figure 1). Cartx>n atoms were placed at these caibon sites with occupancy, factors that were half of 
their normal values. A nitrogen atom until a fuB normal occupancy factor was included for N^^ 

e. There appear to be two regions in the unit cell which contain disordered pyridine solvent mdecuies. Solvent 
molecules which consist of 6-membered cartx>n rings were therefbre included in the structural model at these 
sites. The first of these (Solvent Molecule 1) centered about the 3m site at the origin of the mat oeD arxJ is 
generated from cartxin atom Css- The second of these (Solvent Molecule 2) is centered about the 32 site at 
(2/3.1 13,0) in the unit cell and is generated from atoms C7S and CssOocupancy factors for cartx)n atoms placed 
at these positions were allowed to vary in refinement cycles and refined to final values of 0.22(2), 0.51 (6) and 
035(5) for carbon atoms Ces. Ctb and C^B. respectively. 

Using data from the x-ray single crystal analysis, a fragment of the structure 
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CoC6H3{CXX)Hi/3)3(NC5H5)2 • 2/3NC5H5 was generated and shown in Fbrnrwla 9 where three BTC unHs ar cxxsidi- 
nated to each of the Co(ll) centers. Formula 9 shows a single layer of the extended porous network of 
CoC6H3(CCX5Hi/3)3(NC5H5)2 • 2A3NC5H5. The hy«*rogen atoms n the pyridines and BTC units are omitted for dariftf. 



FQimula 9 



10 



IS 




25 



The axial positions of the ool»lt ions are occupied by pyridine mdecules. In the crystal, the Co-BTC sheets stad^ 
alona the z-axis to give alternating cot>alt-cartDOxylate layers and pyridine layers as shown in Formula 10. Formula 10 
shows a perspective drawing of the solid state structure of CoC6H3(COOH|/3)3{NC5H5)2 -a/SNCsHg. The cobalt-car- 
boxylate layers are shown anchored by pyridine ligands that are bound axially to cobalt. The pyridine templating agents 
30 (large spheres) reside in channels running tsetween the layers. 



Formula 10 



40 



45 




SO 



55 



The cobalt-carboxylate layers are seperated by a cfistanoe off 7 A with the bound pyridine ligands holding these lay- 
ers tightly together. The remaining space between the sheets contains the pyridine templating agents which occupy the 
rectangular channels (7 x 10 A). Since the layer-layer separation distance and the channel structure remain unaltered 
upon removal or inclusion of guests (vide infra), this compound is analogous to zeolites and not intercalation com- 
pounds. 

The material prepared in EXAMPLE 1, CoC6H3(COOHiy3)3(NC5H5)2 • 2/3NC5H5, was also prepared in the 
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absence of Ihe viscous medium. PEO. Solids of CoCNOafe.eHgO (0.30 g. 1 mmoO and BTC (0^1 g. 1 mmoQ wereds- 
solved in a 20 mL reaction vessel using 10 mL of ethanol. This 20 mL reaction vessel was P'aced 'n^de a.^e' ve^« 
containing 1 mL of pyridine and the second vessel was closed. Gaseous pyridine was allowed to diffuse into *e rew- 
tion solufon for three days, resulting in pink, cubed-shaped crystals In th 

and washed successively with ethanol and acetone, and air dried, resulting in a yield of 0.26 g (56 %yieM). Tne XH«y 
powder diffraction data collected for the product of this reaction, were Id ntical to that from the product obtained in 



EXAMPLE 1 

CoC6H3(CX)bHi/3)3(NC5H5)2-2A3NC5H5, confirming that the same crystalline microporous material was prepared 
regardless of the presence of the viscous PEO medium. 



fiXAMPUE 3 



The stacking of the pyridine ligands axially coordinated to the cotalt metal centers in the microporous material 

descrikiedffi EXAMPLE 1. ^. , . .^.^ ^^^wv^r^ 

CoC6H3(CXX>Hiy3)3(NC5H5)2 • 2/3NC5H5. has significant implications on the three-dimensional rigidity and stability of 
the material. Thermal gravimetric analysis, shown in Fig. 1. performed on a crystalline sample of 
CoC6H3{COOHi;3)3(NC5H5)2 • 2/3NC5H5 showed cleanly a weight loss of 1 1 .7% at 190 •C. corresponding to *J^b»oss 
of the pyridine templating agents (2/3 NC5H5 per formula unit). Deoonposilion of the material did not "J™*^^ 
as evidenced by another weight loss of a total 45.5% corresponding to the remaining pyridine molecules bound to the 
cobalt metal centers (2 remaining NC5H5 per fbmtula unit). 

This material does not lose its crystallinity or become altered to a (fifferent framework structure upon removal of the 
pyridine tenplaling agents. The material was shown to remain intact up to 200°C for as long as four hours, as conf imied 
by x-ray powder diffraction data. Table 4 shows that the positions of the most intense lines are unchanged from those 
of the unheated sample (compare with Table 1). Elemental analysis of the material heated to 200-C confirms the 
absence of pyridine templating agents and the retention of the axially bound pyridines (found; C, 52.38: H. 3.46: N. 
6.84%: Calculated for CoC6H3(COOHiy3)3(NC5H5)2: C. 53.66: H. 3.32; N, 6.59). 



Table 4 



Peak 


2-Theta 


d-Space 


Intensity 


1 


10.56 


8.3707 


11.14 


2 


12.34 


7.1670 


55.65 


3 


16.54 


5.3553 


12.84 


4 


18.40 


4.8179 


100.00 


5 


21.32 


4.1642 


16.17 


6 


22.32 


3.9799 


10.58 


7 


24.90 


3.5730 


63.27 


8 


27.28 


3.2665 


12.34 


9 


28.24 


3.1576 


13.61 


10 


29.02 


3.0744 


13.21 


11 


32.16 


2.7811 


14.25 


12 


33.74 


2.6544 


10.27 


13 


34.76 


2.5788 


11.54 


14 


38.98 


2.3088 


10.75 


15 


43.40 


2.0833 


9.71 



EXAMPLE 4 

Based on infrared data and elemental analysis, solid samples of the template-free material discussed in EXAMPLE 
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IS 



2 CoC«Ha(COOH,«)3(NC5Hs)2. selectively adsofb aromatic molecules such as benzene. n*obenzenejq«nab«i- 
«nVa£*SS>J^ie. intSpresenc of acelon«rile. nibomethane. or dk*loroathane. Such e^m«it8 were pe^ 
wm;^^^«M«*na CoCrH,(COOHi/3)3(NC5H5)2 In a solvent mixture conteWnB an aromatic and an aliphatic 
^^^^TcJSS^^. tef^r^ety 30 minutes, toltawed by fm«tlon and air drying. FIfl. 2 8ha«s 
ZS^S^e^<^^mck InS the FT IR speclrum of the resulting solid sho«ed a peak at 2236 or^ 
1 ^wnSng to the vcn of CeHgCN. with no peak appearing at 2260 or 2300 cm-\ wh re acetonrtnle vcn peaks 
aopear The smaUperta between 2300-2400 cm-< are due to atmospheric carbon dioxide. 

Rg.3shows results from an analogous experimentdone using the CeHsNOaWJHsNOan^^^ 
IR sShim S*e resulting solid showed peaks at 1526. 1354. 854. and 685 cm-\ correspwKfing to that of CeHsNOa. 
Sl?TODLks appearing at 1570. 1406. 1386. 1103. or 662 cm \ where nlt«^ 

Z^^^Z from th; inclusion of benzene into CoC6H3(COOH,;3)3{NC5H5)2. Rg. 4 sh«« an overtey 
FnR ii^r^lie *inly traced FTIR spectmm being that of CoC6H3(COOH,«h(NC5H5)2. ««« the more boldly 
SSifn^Sum iSnJthat of the m^al after about 30 minutes of submersion m benzene solvent The peaks 
0^982 ^88 1332 814 and 496 cm-^ ai« consislent with benzene adsoiptkMi into the microporous matenal. 

^^J^s i^Ti^no agents can be exchanged by suspending a cry^alline ^le o^ 
r^l^^OHLuOiCM^ ' 2/3NC5H5 at 60 -C for one day in the aromatic solvent to be adsorbed, as evidenced 
SS'ill^SS sS^StlS' ^ re^ns intact and Is rigid, as evidenced from the x-™y powder diffraction pattern, 
which is similar to that of the original starting material. 

eo gXAMPLES 

Thie ^ramnie deBcribes the svnthesis of a stable microporous material in an ethanol/1 .2-dichloroethane solutiori 

mat^r^^^ssssirsis^^ ^^^•rfz^rrss'SS"S 

nitrate which possesses a monodentate functional groip. and trielhylamine as solvent Solids <^ 
7n/^> meol JmnSand BTC (051 g. 1 mmol) were dissolved in ethand. This solutfon was added to a 2 

Zcawe^^a gel was fomied. This reacUon vessel was placed Inside a larger vessel containing 1 mL rttoejy^ 
a^^2f*e\eca!l vessel was closed. After 2-3 days, coloriess cubic crystals appeared. The sold was ooHected 
SS^ediSSJ^^iSSSwasairdriedto 

^J^rS^ of this material found: C. 24.40: H. 3.20; N. 2.91: cafoulatad for Zn2(C9H306)- tm»^h 

^^^f!^^i2'Ji^^^^^S'on single crystals obtained from this reaction revealed the existence of a crystal- 
line SS^^n^Sl<S;^^^S^-N0,(H20)i (C^HsOH)^. Single crystals of this material an, at 
?oirrJ^sJ^?Si?JSw with a 1 1 4.72CH2) A. TaWe 5 shows the atomic coonfinates for me n««enal whj* 
w2I oS^ SSJ'fr^ stS^Systi i-;ay analysis. The structure of Zn^CCsHaOe) • l<KH(^h ^"^s II^S^I 
in FonHTlla. which fonri large rings of zinc(ll) and BTC, l^at "ejused togelhe^ (Fbn«^^ 
I^J-!^r*«n™^^ (Formula 1 1c). The nitrate is bound to zinc and is pointing toward the center of the chan- 

rs^^h^eX^-CsTis^^ 

the hydrogens on the carbon atoms of the BTC Bgand are omitted for danty. 
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Tables 





Atom 


Fractional Coordinates 




Type 




10^ 


10*z 




ZN1 


-0.18741 


-0.18741 


-0,18741 




ZN2 


-0.04685 


-0.04685 


-0.04685 


10 


01 


-0.20588 


-0.17977 


-0.05145 




02 


-0.15931 


-0.05261 


0.02219 




CI 


-0.21400 


-0.12517 


0.00715 




C2 


-0.29040 


-0.12700 


0.07924 


IS 


C3 


-0.34760 


-0.20374 


0.07023 




H3 


-0.33996 


-0.24655 


0.02163 




01E 


-0.32779 


•0.17555 


-0.20343 


20 


CIE 


-0.38780 


-0.06827 


-0.19122 




H1EA 


-0.44421 


-0.08243 


-0.22073 




H1EB 


-0.35775 


-0.02266 


•0.22687 




C2E 


-0.42678 


-0.06280 


-0.08996 


2S 


01S 


-0.55566 


0.20844 


-0.35979 




C2S 


-0.46465 


0.17157 


-0.29759 




C3S 


-0.45398 


0.21116 


-0.22956 


30 


02S 


-0.56675 


0.18980 


-0.22085 




03S 


-0.56571 


0.16314 


-0.31344 




03 


0.0494 


0.0494 


0.0494 
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EXAMPLES 

The material prepared in EXAMPLES 5. ZnaCCgHaOe) • N03(H20)i {C2H50H)5 was also prepared in the absence 
off the viscous mecfium, PEO. Solids of Zn{N03)2.6H20 (0.30 g, 1 mmoO and BTC (0.105 g. 0.5 mmd) were dissolved 
in a 20 mL reaction vessel using 10 mL of ethanol. In another 5 mL vessel. 2 mL of trielhylamine were added. The ves- 
sels were placed side-by-side in a larger container, which was then closed. Gaseous triethylamine was allowed to dif- 
fuse into the 10 mL reaction solution for one day. resulting in colorless crystals in the 20 mL reaction vessel. After three 
days these were collected and washed successively with ethanol and acetone, resulting in a yield of 0.18 g (80 % yield). 
Due to the large pore sizes in this microporous material, solvent molecules in the pores were lost very quicMy. with a 
30% weight loss occurring in one day The x-ray diffraction data collected for the product of this reaction were identical 
to that from the product obtained in EXAMPLES 5. InzlC^H^Osi * NQ3(H20)i (C2H^H)5. 



Claims 

1 . A method for the preparation of microporous materials characterized tyy the steps of: 



admixing a solution containing one or more metal ions from the group consisting of. 

Mg2* Ca2* Sr2* Ba^*. Sc^*, Y^*. Ti^, Zr^. Hf**. V^. V^*. V^-^. Nb^*. Ta^. Cr^. Mo®*. W®*, Mn^. Mn^*. 
R K Re2+.' Fe^\ Fe2*. Ru®*. Ru^*. Os^. Os^*. Co®*. CkJ^*. Rh\ Ir^*. Ir*. Ni^*. Ni*. P(f\ Pd*. Pt^*. 
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Pt^. Cu2*. Cu^. Ag*. Au\ Zrt^*. C6^\ Hg2*. A|3^ Ga^. In^*. Tl^*, SI**. Si^*. Ge^. Ge^*. Sn^. Sn^*. Pb^. 
Pb^*, As^, As^*, As+, Sb^. Sb^*, Sb+. and Bi^. Bi^, Bi+; along with the corresponding metal salt counteran- 
ion. 

with one or more ligands having at least one of: 

an alkyt group substructure, having from 1 to 10 caitx)n atoms: 

an aryl group substructure, having from 1 to 5 phenyl rings; or. 

an all^l or aryl amine substructure, consisting of all^ groups having from 1 to 1 0 cart)on atoms or aryl groups 
having from 1 to 5 phenyl rings, said ligand substructure having bound thereto multidentate functional groups. 
X, which are covalently bound to the substructure of the ligand, wherein X is a functional group selected from 
the groups consisting of: 

CO2H. CS2H. NO2, SO3H. Si(OH)3. Ge(OH)3, Sn(OH)3. Si(SH)4. Ge{SH)4. Sn(SH)4. PO3H. ASO3H. ASO4H. 
P(SH)3. As(SH)3; CH(SH)2. C(SH)3. CHCNHzfe. C(NH2)3. CH(OH)2. C(OH)3. CH(CN)2. C(CN)3. CH(RSH)2. 
C(RSH)3. CH(RNH2)2. C(RNH2)3. CH(ROH)2, C{R0H)3. CH(RCN)2, C(RCN)3. wherein R is an alkyi group 
having from 1 to 5 caitjon atoms, or an aryl group consisting of 1 to 2 phenyl rings, in the presence of a tem- 
plating agent, selected from the group consisting of: 

a. alkyI amines and their corresponding alkyI ammonium salts, containing linear, branched, or cyclic 
aliphatic groups, having from 1 to 20 carbon atoms; 

b. aryl euntnes and their corresponding aryl ammonium salts having from 1 to 5 phenyl rings; 

c. a\ky\ phosphonium saRs, containing linear, branched, or cyclic al^hatic groups, having from 1 to 20 car- 
bon atoms; 

d. aryl phosphonium salts, having from 1 to 5 phenyl rings. 

e. alkyI organic acids and their corresponding salts, containing linear, branched, or cyclic aliphatic groups, 
having from 1 to 20 cari3on atoms; 

f. aryl organic ackls and their corresponding salts, having from 1 to 5 phenyl rings; 

g. aliphatic alcohols, containings linear, branched, or cyclic aliphatic groups, having from 1 to 20 carton 
atoms; 

h. aryl alcohols having from 1 to 5 phenyl rings; 

i. inorganic anions from the group consisting of sulfate, nitrate, nitrite, sulfite, bisulfite, phosphate, hydro- 
gen phosphate, dihydrogen phosphate, diphosphate, triphosphate, phosphite, chloride, chlorate, bromide, 
bromate. iodide, kxJate, cartxmate. bicaibonate. and the corresponding adds and salts of said inorganic 
anions; 

j. ammonia, cartoon dioxide, methane, oxygen, argon, nitrogen, ethylene, hexane. benzene, toluene, 
xylene, chlorobenzene. nitrobenzene, naphthalene, thiophene. pyridine, acetone. 1.2-clichloroethane. 
methylenechloride. tetrahydrofuran, ethanolamine. triethylamine.and trif luorometiiylsulfonic acid. 

The method of claim 1 characterized in that the templating agent is selected from pyridine or ethanol. 

The method of claim 1 characterized in that the ligand is selected from benzene-1 ,3,5-tricarboxylic add. benzene- 
1.4-dicarboxylic add. benzene-1 .2.4,5-t6tFacarboxytic add. adamantane-1.3.5.7-tetracarbQxyiic add. and 
1.1MM**'-methanetetracarb0Kyiic add. 

The method of claim 1 characterized in that the microporous materials are prepared in the presence of a ligand 
containing one or more monodentate functional groups said ligand selected from the group consisting of: 

a. €Ukyl amines containing at least one alkyt group containing 1 to 10 carton atoms; 

b. aryl amines containing from 1 to 5 pheryl rings; 

c. all^ alcohols containing at least one alM group having from 1 to 10 carbon atoms; 

d. aryl edcohols containing from 1 to 5 pher^ rings; 

e. alkyI thiols containing at least one alky] group having from 1 to 10 caitoon atoms: 

f. aryl thiols containing from 1 to 5 phenyl rings; 

g. alkyt cyanides containing at least one alkyI group having from 1 to 10 caifoon atoms; 

h. aryl cyanides containing from 1 to 5 phenyl rings; and 

i. inorganic anions from the group oonststing of: sulfate, nitrate, nitrite, sulfite, bisulfite, phosphate, hydrogen 
phosphate, dihydrogen phosphate, diphosphate, triphosphate, phosphite, chtoride. chlorate, bromide, 
bromate, iodide, iodate. cartx>nate, bicaibonate, thiocyanide. and isonitrile. and the con-esponding adds and 
salts of sakJ inorganic anions. 

The method of daim 4 characterized in tfiat the ligand containing one or more monodentate functional groups is 
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selected from the grai4> consisling of: 



Dvridin 4 4-*ipyridine. elhylenediamine. propylenediamine. 2-aminoethanol. 3-amiriopropaiiol. «nme«v«- 
2Sne tteuIrtaSnft iSiiSamine. 2^nopropane. triethanolamine. elhylbulylamine. pipen^ie. cyctohw- 

SSSSm ??^StrSJl^^ n^ent^x,!. sec-pentanol. isoi^enlanol. tert^^rtenol. 1 .5i>«;tened.o^. 

1 s-h«anediol 1 4-he«nediol. I^hexanediol. 1 .3.64rihydro>vhexane. cjrdohexanol. 1.4- 

The method aocorefing to dalm 1 in characterized in that the reaction mixture containing the microporous material 
SSIIJSJJJSLS 30-C to 500'C to partially or completely remove the templatng agent. 

Amethod^rr^^..,,^^.^^^^ 
microporous material having been prepared by the steps of 

ion. 

with one or more ligands having at least one of: 

an alkyi group substructure, having from 1 to 10 carbon atoms, 

S»^»s±<rs^.^sx"M^'» 

in *ie presence of a templating agent eelecled from the groif) consstmg of: 

a. alkyl aminos and their corresponding alkyI ammonium salts, containing linear, branched, or cyclic 
aliohaticaroups. hawing from 1 to 20 caitx>n atoms: j^^- 



bon atoms; 



d arvl ohosDhonium salts, having from 1 to 5 phenyl rings. «.:^u-«^ ^rrume 

i S oSte adds and their corresponding salts, containing linear, branched, or cychc alphabc groups. 

havina from 1 to 20 caitx>n atoms; . . 

f^«Snlc adds and their corresponding salts, having fnw™ 1 to 5 phenyl n^s: 

g.XS^alcohols. containings linear, branched, or cycfic aliphatic groups, havng from 1 to 20 carbon 



atoms; 



r-in^-S^sSTfrl^trgM 
h53n phosphate, dihydrogen phosphat . diphosphate, tnphosphate. phosphite, chlonde. chlorate. 



21 



EP0790 253A2 

bromide, bromate, iodide, iodate. carbonate, bicarbonate, and the correspondinQ adds and salts ot said 
inorganic anions; 

i ammonia, carbon dioxide, mettiane. oxygen, argon, nitrogen, ethylene, hexane. benzene, tduene. 
xylene chlorobenzene. nitrobenzene, naphthalene, thiophene. pyridine, acetone. 1.2-dichloroethane. 
methylUnechloride. tetrahydrofuran. ethanotanine. triethylamlne. and tmiuoromethylsultonic acid. 

8 A method for the adsorption of aromafic molecules from the group consisting of: benzene, nitrobenzene, cyanoben- 
zene chlorobenzene, toluene, ethylbenzene. aniline, o-xylene. m-xylene. p-xylene. styrene. chlorostyrene. phenw. 
catechol, resordnol, biphenyl. trans-stilbene. ds-stilbine. phenylacetylene. benzoic add. nitrotoluene. tojuen^"; 
fbnic add. phthalic add. isophthalic add. teraphthalic add. benzylbromide. and benzylchloride from industrial 
waters and hydtocaibon streams is characterized by treating such waters and hydrocarbon streams with an effec- 
tive adsorbing amount of CoC6H3(OOOHi/3)3(I^IC5Hs)2 • 2A3NCsH5. 

9 A method fbr the absoibtlon of aromatic molecules from the group constsling of benzene, nitrobenzene, cyanoben- 
zene. and chlorobenzene from industrial waters and hydrocarbon streams which is characterized by trMtong such 
waters and hydrocarbon streams with an effective adsorbing amount of CoCeHaCOOOHiohCNCsHgte • ZflNCgMs. 

10. The method of daim 1 characterized in that the metal ion is added to the reaction in the form of ZhCNOa) •SHaO. 
the tenplating agent is ethanol. the ligand containing mulBdentate functional groups Is benzene-1 .3.5-tricarbQxylic 
add the Hgand containing monodentate funcBonal group is nitrate, and triethylamlne and ethanol are cosolvente^ 
and said reaction is earned out in a polyethylene oxide gel at room temperature to give large colorless crystals of 
ZnsCCgHsOe) • M03(H20)i(C2H^}H)s. 

1 1 The method of daim 1 charactwized in that the metal ton Is added to the reaction in the fonn of Zn(t«>3) 

the tenplating agent is ethanol. the ligand containing multidentate functional groups is benzene-1 .3.5-1ncarboxy«; 
add the ligand containing monodentate functional group is nilrate, and triethylamlne and ethanol are <j^f^- 
and saU reaction is carried out at room temperature to give colorless crystals of ZnaCCgHaOs)- 

N03(H20)i(C2Hg«M4)5- 

12. Themethodofdaimi characterlzedinthatthemelalionisaddedasCo(N03)2.6H20,theligandcontainin^ 
dentate functional groups is benzene-1 ,3.5-tricaiboxylic acid, and pyridine is the ligand containing monodentate 
functional group and the templating agent, and wherein the reaction is carried out in an ethanol/1 .2-dichloroethane 
solution in the presence of a polyethylene oxide gel to give CoC6H3(OOOHi/3)3(MCsHd2 2/3NC5HS. 

13 The method of daim 1 characterized in that the metal ion is added as CoCNOafc .eHgO, the ligand containing mM- 
dentate functional groups is benzene-1 .3. 5-tricarboxylic acid, and pyridine is the ligand containing monodentate 
functional group and the tent)lating agent, and said reaction is carried out in ethanol to give 
CoC6H3(OOOH^,3)3(NC5H5)a .2«NC5H5. 

14. A method for removing inpurities from a gas or liquid characterized by contacting the gas or liquid containing such 
impurities w«h an effective adsorbing amount of a microporous material for a period of time suffioenl to remove 
such impurities and then removing said microporous material from contact with said gas or lk|uid. said microporous 
material having been prepared by the steps of 

adnmxing a soluUon containing one or more metel ions from the group coreisting of : 

Sc3*. Ti<*. V**. V**, V2*. O^*. hAo^. Mn3*, Mn2*. Fe^*. Fe?*. Co^*. Co^*. Ni^*, Ni*. Cu^*. Cu+, Ag*. Zn^*. 
Cd^*. AlK Sn**. Sri^*. and Bl^. Bi**. Bi*: along with the corresponding metal salt counteranion. 
with one or more ligand substructures being at least one of: . . 

methane, tetraphenylmethane. ethylene, benzene, naphthylene. adamantene. and squarane: said ligandsub- 
stnjcture having bound thereto multidentate functional groups. X. which are oovalently bound to the substruc- 
ture of the ligand. wherein X is a functional group selected from the groups consisting of: 
COOH. CSSH. CH(RSH)2. CH(RNH2)2. CH(ROH)2. and CH(RCN)2. wherein R is H or methyl or an aryl group 
consisting of one phenyl ring; 

in the presence of a templating agent selected from the group consisting of: 

a. alkyi amines and their corresponding aik^ ammonium salts, containing linear, branched, or cydic 
aliphatic groips. having from 1 to 20 carbon atoms; 

b. aryl amines and their corresponding aryl ammonium salts having from 1 to 5 phenyl rings; 

c alM phosphonium salts, containing linear, branched, or cydic aliphatic groups, having from 1 to 20 car- 
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bon atoms; 

d. aryl phosphonium salts, having from 1 to 5 phenyl rings. 

e. alkyi organic adds and their corr sponding salts, containing linear, branched, or cyclic ahphatic groups, 
having from 1 to 20 carbon atoms; 

f aryl organic acids and their con-esponding salts, having from 1 to 5 phenyl nngs; 

g. alqihalic alcohols, containings linear, branched, or cyclic aliphatic groups, having from 1 to 20 cartDon 
atoms; 

h. aryl alcohols having from 1 to 5 phenyl rings; ^ m-^u^ 

i sulfate, nifrate. nitrite, sulfite, bisulfite, phosphate, hydrogen phosphate, dihydrogen phosphate, diph^- 
phate. triphosphate, phosphite, chloride, chlorate, bromide, bromate. iodide, iodate, carbonate, bicarbo- 
nate and the con-esponding adds and salts of the aforementioned inorganic anions; 
i ammonia, cartwn dioxide, methane, oxygen, argon, nifrogen. ethylene, hexane. benzene, toluene, 
xylene chlorobenzene. nitrobenzene, naphthalene, thiophene. pyridine, acetone. l.2<lichloroelhane. 
methylenechloride. tetrahydrofuran. ethanolamine, triethylamine,and trifluoromethylsulfonic aad. 

15. A method for removing impurities from a gas or liquid characterized by ooritecting ^'^Q^f^ 

impurities with an effective adsorbing amount of a micioporous material for a penod of time suff loent to remove 
sudt impurities and then removing said microporous material from contact with said gas or liquid, said microporous 
material having been prepared by the steps of 

admixing a solution containing one or more metal ions from the group consisting of: 

Fe^. F?*. Co^. Co2+ Ni^*, Ni*. Zn^*. along with the corresponding metal salt counteranion. with one or more 
ligand substructures being at least one of: ...^ ^ . 

benzene and adamantane. said ligand substmclure having bound thereto caiboxylic acid functional groups; 
in the presence of a templating agent selected from the group consisting of: 

a. alkyI amines and their corresponding alkyI ammonium salts, containing linear, branched, or cydic 
aliphatic groups, having from 1 to 20 carbon atoms; 

b. aryl amines and thdr corresponding aryl ammonium salts haNnng from 1 to 5 phenyl ^^^^ 

c. all^ phosphonium salts, containing linear, branched, or cydic aliphatic groups, having from 1 to 20 car- 
bon atoms; 

d. aryl phosphonium salts, having from 1 to 5 phenyl rings. ...... ^ 

e. alkyI organic adds and their corresponding salts, containing linear, branched, or cydic alv)hatc groups, 
having from 1 to 20 carlx>n atoms; 

f aryl organic adds and th«r conresponding salts, having from 1 to 5 phenyl nngs; 

g. aliphatic alcohols, containings linear, branched, or cydic aliphatic groups, having from 1 to 20 carbon 
atoms; 

h. aryl alcohols having from 1 to 5 phenyl rings; k^^ko*^ huHr« 

i ino^nic anions from the group consisting of: sulfate, nitrate, nrtrite. sulfite, bisulfite; Phosphate, hydro- 

gen phosphate, dihydrogen phosphate, diphosphate. ^^Phosphate^hosphita diton^^^ 

bromate. iodide, iodate. carbonate, btoarbonate. and the corresponding acids and salts of said inorganic 

rSISionia. caitjon dioxide, methane, oxygen, argon, nifrogen. ethylene, hexane. beittene. toluene, 
xylene chlorobenzene. nifrobenzene. naphthalene, thiophene. pyridine, acetone. 1.2<ltehtoroethane, 
methyienechloride. tetrahydrofuran. ethanolamine. friethylamine.and trif luoromethylsuHbnic acid. 
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